factor, a is the radius of the particle, D is the diffusion rate, and t -1/2 . 1-3 Given a, and choosing an appropriate shape factor, λ, the diffusion rate can thus be easily measured. For a full derivation of the model, see Supplementary References 3-5. In this case, λ was chosen as 2, which is representative of a rounded paralelipid, halfway between the values for a sphere (λ=1.77) and a cube (λ=2.26). The value of a=150 nm was used for all materials based on our previous work, and the relation of surface area to particle size for a sphere: SA=6/2aρ, where ρ is the density of LSCO (i.e. ρ=7.235 g cm -3 for LaCoO3). Computed Pourbaix diagrams of Fe, Co and Ni in aqueous environment. 5 The reaction formation energy, ΔG, is equal to ΔE+ΔZPE-TΔS-URHE, where ΔE is the formation enthalpy; ΔZPE is the difference of zero point energies; ΔS is the formation entropy, and URHE is the reversible hydrogen electrode potential.
Details can be found in Supplementary Reference 6. Supplementary Table 1 : Lattice parameters of the LCO, LSCO and SCO samples, weight fraction of Co3O4 and reliability factors after Rietveld refinement from PXRD data. For the samples with x = 0 -0.4 the R3c model was applied instead of the orbital-ordered monoclinic I2/a structure because detection of this weak distortion is beyond the resolution of our PXRD experiment. [16] [17] [18] In spite of the tetragonal superstructure detected by SAED in the x = 0.8 sample, the refinement has been performed with the cubic Pm-3m model because neither reflection splitting nor superstructure reflections are detected in the PXRD pattern. Scherrer analysis was performed on all samples on the peak at 2θ ≈ 47°, using the following formula: = , where τ is the mean crystallite domain size (nm), K is a dimensionless shape factor (0.9 for spherical particles), λ is the X-ray wavelength (0.15418 nm), β is the line broadening at FWHM (radians), and θ is the Bragg angle (°).
x in La1-xSrxCoO3- (7) 15.519(2) not present n/a, 0.111 15.7 * -refined as cubic Pm-3m, tetragonal ap x ap x 2ap detected from SAED. ** -unit cell parameters refined using Le Bail procedure (see Fig. S1 ).
ǂ -mean crystallite domain size, derived from Scherrer Analysis of the peak at 2θ ≈ 47° As can be seen in Supplementary Figure 8 , the role of carbon has a negligible effect on the activity of IrO2 both in geometric current density and in specific current density, yielding activities that corroborate the activities found in 3-electrode thin film RDE testing described in the literature. However, as has been noted in a number of papers, the low conductivities of perovskites require the use of carbon additives to help wire the catalysts to the electrode surface and to provide good electrical conductivity to the oxides. We have optimized our electrode preparation to maximize the gravimetric current density by using a composite of 30 wt% perovskite supported on a number of carbons and a total mass loading of 51 ugtotal/cm 2 geom. We have also tested our catalysts using the protocol described in Supplementary
Supplementary
Reference 20 (shown in the plots as "85wt%", and have found that the high electrode mass loadings (~300 ugtotal/cm 2 geom) and relatively low amount of carbon (15 wt%) detract from the material performance and therefore do not describe the "true" activities of the catalysts due to inadequate wiring of the catalysts and poor utilization of the catalysts from increased mass transfer constraints in the thicker films. 20 In addition, we use a technique of spin coating our catalysts inks to provide uniform electrode films based on a study of electrode drying techniques. 21 It should be noted that in A full evaluation of active surface area of the catalysts based on BET surface area measurements and mass loadings is presented in Supplementary Table 5 . The following formulas are used to calculate the given quantities in the Table: controls the surface exchange coefficient in SOFCs. 9, 22 Although it should be noted that the position of the M 3d π* band and thus the covalency of the surface states is expected to be different than those in the bulk. 25 Interestingly, the requirement that precious metals, such as Pt, Ir, and Ru, require an oxide film on their surface to initiate the OER, points to the fact that crystalline lattice oxygen species are a necessary component for OER electrocatalysis in alkaline electrolytes. In addition, it cannot be overlooked that doping of lower valence ions into the A-site of perovskites to increase the covalency of the B-O bond is beneficial for all types of heterogeneous catalysis on perovskite surfaces, including both the ORR and OER, regardless of the nature of the B-site (Supplementary Figure 9) . 13, 23, 24, [26] [27] [28] [29] [30] [31] [32] [33] The high activities of Ba0.5Sr0.5Co0.8Fe0.2O3-δ (δ = 0.4) as well as other layered double perovskite cobaltites can also be rationalized in terms of this vacancy mediated mechanism due to their high oxygen vacancy concentrations and high electronegativity of the active Co site. 8, 9 Further, the vacancy mediated mechanism is not exclusive to perovskites nor alkaline electrolytes. Through oxygen isotope exchange measurements, lattice oxygen has been demonstrated to be involved during the OER on the precious metal-oxides, IrO2 and RuO2, as well as layered-oxides, such as LiNiO2, and spinel oxides, like Co3O4. [34] [35] [36] [37] [38] [39] Therefore the covalency parameter and the vacancy content should both be taken into account in the rational design of oxygen evolution catalysts. It also consistent with previous models of OER activity scaling with d-electron filling and bulk oxide formation energies, as the covalency of the M-O bond is expected to increase with the electronegativity of the transition metal. 23, 30, 40, 41 Supplementary Methods:
General:
All chemicals were used as received. Corporation, and the nitrogen-doped carbon was prepared as reported elsewhere.
42
Surface Atomic Characterization:
The SCO sample was handled in an Ar-filled glove box. TEM specimen was prepared in the glove box by crushing the crystals in a mortar in anhydrous ethanol and depositing drops of suspension onto holey carbon grids. The sample was transported to the microscope column completely excluding contact with air. It was found that exposing the sample to air resulted in an amorphous surface layer likely due to the formation of SrCO3. For the LCO sample, the preparation could be done in air. High angle annular dark field scanning transmission electron microscopy (HAADF-STEM) images and annular bright field STEM (ABF-STEM) images were obtained with an aberration-corrected Titan G3 electron microscope operated at 200 kV.
Calibration of Rotating Ring-Disk Electrode:
Linear sweep voltammetry was performed using a rotating ring-disk electrode (RRDE) with a glass carbon disk and a Pt ring in 0.3 mM ferrocene-methanol in 0.1M KCl. The disk potential was scanned from 0.1 to 0.6 V vs. Hg/HgO (1M KOH) while the ring was held at 0.1 V vs. Hg/HgO (1M KOH).
Rotation rates of ω = 400, 800, 1200, 1600, and 2000 rpm were used.
Oxygen Diffusion Rate Measurements:
Glassy carbon rotating disk electrodes with a thin layer of perovskite/VC were initially cycled in Ar saturated 1M KOH at 20 mV s -1 for 2 cycles. The E1/2 of oxygen intercalation/de-intercalation was determined from the halfway potential between the anodic and cathodic peaks. For materials with low oxygen vacancy concentration (i.e. x ≤ 0.4) the E1/2 was determined as the open-circuit potential. After being cycled, the oxygen ion diffusion rate was measured chronoamperometrically, using the same electrode, by applying a potential 50 mV more anodic of the E1/2. The electrodes were spun at 1600 rpm to get rid of electrolyte based mass transfer effects, and the current was measured as a function of time for 4 hrs. The current was plotted versus t -1/2 and the linear section of the curve was fit to find the intercept with the t -1/2 axis.
Measurement of RHE Potential:
Initially, a stationary Pt RDE electrode (0.196 cm Density Function Theory Calculations and Surface Models: 6, 19, [43] [44] [45] Spin polarized calculations are performed using VASP with PAW pseudopotentials and the RPBE-GGA functional. An energy cutoff of 500 eV and a 2x2x1 k-point mesh are used for all calculations.
Symmetric supercells are composed of 7-atomic-layer-thick slabs separated by ~20 Å of vacuum perpendicular to the surface to prevent spurious interactions due to periodic boundary conditions. A (2×2) in-plane supercell is employed. The systems are initiated with the Co atoms in a ferromagnetic configuration, which is allowed to evolve during the electronic optimization. Structures are relaxed until the forces on each atom are less than 10 -4 eV/Å. Free energies are computed directly from DFT by approximating the free energy of solids by the DFT total energy, and computing corrections for the zeropoint energy and vibrational entropy for gas phase species and surface adsorbates (Supplementary Table 4 ).We note that tests with GGA+U and various U values result in weaker adsorption strength of -O (I0 in Figure 7 , Main Text), further increasing the relative stability of I1 to I0 and thus do not qualitatively change our results.
We consider [001] surfaces, as these are observed experimentally. Along the (001) Figure 8a) . We note that LSCO is observed to undergo phase changes with increased oxygen deficiency. Thus, the rhombohedral LaCoO3 and the SrCoO2.75 are also investigated ( Supplementary Figure 8b-d) . We find that neither the phase nor the bulk oxygen stoichiometry changes the relative stability of I1 to I0 for the whole range of LSCO compositions.
To elucidate the lattice-oxygen-participated (LOM) OER mechanism on LSCO, we begin by comparing the free energy (stability) of each adsorbate-evolution-mechanism (AEM) intermediate 
